We report on the first demonstration of p-type doping in large area few-layer films of (0001)-oriented chemical vapor deposited MoS 2 . Niobium was found to act as an efficient acceptor up to relatively high density in MoS 2 films. For a hole density of 3.1 Â 10 20 cm
À3
, Hall mobility of 8.5 cm 2 V À1 s
À1
was determined, which matches well with the theoretically expected values. X-ray diffraction scans and Raman characterization indicated that the film had good out-of-plane crystalline quality. Absorption measurements showed that the doped sample had similar characteristics to high-quality undoped samples, with a clear absorption edge at 1.8 eV. Scanning transmission electron microscope imaging showed ordered crystalline nature of the Nb-doped MoS 2 5 and transparent electronics. 6, 7 These layered materials provide ultra-high confinement and are intrinsically two-dimensional (2D) in nature, which is therefore promising for highly scaled vertical transistor topologies. 8 Besides, through van der Waals epitaxy, they circumvent limitations such as lattice mismatch in heterostructure growths of conventional semiconductors. Devices including field effect transistors (FETs) with excellent on/off ratio and high current densities, 1, 9 as well as integrated circuits 10 have been reported using flakes of MoS 2 mechanically exfoliated from bulk geological samples. More recently, large area (0001) oriented MoS 2 with excellent crystalline and structural qualities grown by chemical vapor deposited (CVD) on (0001) sapphire was reported.
11 Such CVD-grown MoS 2 eliminates the limitations associated with the commonly used exfoliated approach, such as control on thickness and area, and are therefore viable for large scale device fabrication.
The use of Niobium (Nb) as a substitutional impurity on the metal site to get p-type conductivity was suggested several decades ago [12] [13] [14] 15 earlier, but such MoS 2 flakes were few microns to few hundred microns thick. Besides, no detailed investigations into the material quality of such thick Nb-doped MoS 2 were reported. P-type conductivity has also been electrostatically achieved 16, 17 on MoS 2 mechanically exfoliated from geological samples using back-gating and liquid-gating approaches. However, no report exists for in situ p-doping using an acceptor dopant in epitaxial (and even mechanically exfoliated) MoS 2 thin films, which is necessary for demonstration of MoS 2 -based bipolar devices such as heterojunction bipolar transistors (HBT), light emitting diodes (LEDs), and photodetectors.
In this work, we show that as predicted by density functional theory (DFT) based calculations, 18 Nb behaves as an acceptor in MoS 2 . Raman spectroscopy, X-ray diffraction (XRD) scans, and aberration-corrected scanning transmission electron microscopy (STEM) imaging indicated that the crystalline nature of MoS 2 was preserved after Nb-doping, and optical absorbance measurements showed an absorption edge at 1.8 eV indicative of a direct band-to-band transition in the semiconductor. Finally, electrical measurements demonstrated p-type conductivity in these films with a mobility of 8.5 cm 2 /Vs at room temperature and a low contact resistance of 0.6 X-mm.
We followed a vapor deposition method for the growth of MoS 2 19 that was demonstrated to lead to high crystalline quality MoS 2 in previous work 11. A series of three (0001) . The typical dimensions of the samples were 1-2 cm Â 0.7 cm, with the breadth of the samples being limited by the size of the quartz tube used for the deposition. The sample was then subjected to sulfurization in the CVD chamber at 900 C for 10 min. Further details of the CVD growth of undoped MoS 2 on sapphire are reported elsewhere. 11 The conditions optimum for growing large area undoped MoS 2 with excellent structural and surface qualities as reported in Ref. 11 were used in this study to grow all the samples. Using high-resolution STEM techniques, the thickness of MoS 2 samples grown under these conditions was found to be 10 nm and 13 nm for the undoped and Nb-doped samples, respectively. The difference in thickness is attributed to experimental variation, rather than a systematic effect of Nb doping.
A Ni (30 nm)/Au (50 nm)/Ni (30 nm) metal stack was deposited by e-beam evaporation to form Ohmic contacts to Nb-doped MoS 2 (samples A and B). Devices were isolated by etching MoS 2 using BCl 3 /Ar-based inductively coupled plasma/reactive ion (ICP-RIE) etch chemistry. Hall measurements were performed using standard van der Pauw pads, and both samples A and B had positive Hall coefficients indicating hole transport. Temperature dependent Hall measurements for sample A showed no carrier freeze-out even at 20 K (Fig. 1(b) ), indicating that degenerate p-type doping had been achieved. Negligible dependence of hole mobility on temperature was observed for sample A. The room temperature hole mobility measured for sample A was 0.5 cm .
From transfer length method (TLM) measurements, a low contact resistance of 0.6 X mm was extracted for sample B (Fig. 1(c) ). The sheet resistance extracted from TLM was 1.8 kX/ٗ which was found to match that obtained from Hall measurement. The significant improvement in hole mobility (8.5 cm 2 /Vs from 0.5 cm 2 /Vs) with a reduction in p-doping density indicates that the mobility is limited mainly by ionized impurity scattering at such high degenerate doping densities.
A simple estimate was made for impurity scattering limited hole mobility in bulk MoS 2 using three-dimensional (3D) formalism, given by l h ¼ q s eff /m*, where l h is the hole mobility in MoS 2 while s eff and m* are effective hole scattering time and effective hole mass, respectively. An in-plane effective hole mass of 0.43 is used for the mobility estimate based on DFT calculations for unstrained bulk MoS 2 . 20 The momentum scattering time s m (N A ,E F ) at Fermi level E F was calculated using 21 1
Here, h is reduced Planck constant, e s is the dielectric constant 9 of MoS 2 (¼7.6), and T is temperature. g c (E) in Eq. (1) is the 3D density of states for holes and L TF is the Thomas-Fermi screening length for a degenerate gas given by L TF ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi e s q 2 g c ðE F Þ q . Fig. 1(d) shows hole mobility as a function of acceptor density (N A ) in p-MoS 2 , as calculated by Eq. (1). Given the large uncertainty in various parameters used in the model, the agreement with the experimental data is satisfactory.
The material and structural quality of the MoS 2 samples were assessed using Raman spectroscopy, high resolution XRD scans, aberration-corrected STEM imaging, and optical absorbance measurements. The undoped MoS 2 (sample C), as well as Nb-doped p-type samples A and B were found to be crystalline in nature exhibiting good structural and material qualities as evident from the measurements using these various characterization techniques. Fig. 2 shows the on-axis XRD scans for the samples A, B, and C. The (002) peak of MoS 2 was observed in all the three scans although the intensity for sample A was lower, indicating degradation of material quality under such high doping levels (1.5 Â 10 21 cm
À3
). Sample B exhibited high intensity (002), (004), and (006) peaks, indicative of good crystalline quality of MoS 2 . Fig.  3(a) shows the Raman spectra of the samples taken with a Renishaw, 514 nm laser (with 60mW power). Characteristic in-plane (E 1 2g ) and out-of-plane (A 1g ) vibrational modes were observed at 381 and 407 cm À1 , respectively, 22, 23 for all the three samples. This indicates that the phonon spectrum of MoS 2 remains unchanged despite the addition of Nb.
Optical absorbance measurements were performed on all the samples using a broad UV-VIS-NIR deuterium-tungsten-halogen white light source. The absorbance spectra was taken for a reference piece of sapphire in order to determine a reference intensity I 0 (k). The MoS 2 sample was measured and the absorbance was determined using A ¼ IðkÞ I 0 ðkÞ , where I(k) is the intensity collected by the monochromator after the light is transmitted through the MoS 2 grown on sapphire. The normalized absorbance spectra (Fig. 3(b) ) show that all three samples A, B, and C exhibit an absorption edge at 1.8 eV indicative of a direct band-to-band transition in these semiconductors. DFT calculations in Ref. 24 show that although the lowest energy transition in bulk MoS 2 is approximately 1.2 eV, the direct transition of approximately 1.8 eV still exists at the K point. This is verified 25 by the fact that both PL as well as absorbance measurements on bulk MoS 2 have been found to exhibit a prominent transition or peak around 1.8-1.9 eV which has been attributed to direct-gap transitions between split valence band maxima (v1 and v2) and conduction band minima all located at K point of Brillouin zone. For the Nb-doped samples A and B, the 1.8 eV direct gap is found to exhibit clear band tails, which is a good indicator of the shallow Nb states. The multiple blue/UV peaks are possibly due to transitions involving higher bands.
An atomic force micrograph (AFM) of sample B shown in Fig. 4 (rms roughness $1.3 nm, scans size: 2 lm Â 2 lm) indicated complete coverage of surface by MoS 2 and a relatively smooth surface.
STEM imaging was performed on an aberrationcorrected Nion UltraSTEM-100 TM electron microscope operating at an acceleration voltage of 60 kV. 26 Fig . 5 shows an atomic resolution Z-contrast STEM image of the Nb-doped sample B which exhibited the highest mobility of 8.5 cm 2 /Vs. The Z-contrast image reveals that the ordered crystalline nature of the MoS 2 layers stacked in the [0001] direction on a sapphire substrate is preserved even with degenerate p-type doping. Based on larger HRTEM images, the grain sizes are estimated to be larger than 100 nm. Recent MoS 2 samples (unrelated to this present experiment) grown under slightly different conditions have large area epitaxial ordering (as shown by off-axis XRD spectra with 6-fold symmetric peaks). However, the AFM morphology was quite similar to the samples discussed in this paper. Therefore, the AFM morphology is believed to be probably indicative of adatom diffusion dynamics rather than grain size. More investigations are currently carried out to estimate the grain size.
In conclusion, we show that Nb can act as an efficient acceptor in MoS 2 leading to high hole density and relatively high mobility. For a hole concentration of 3.1 Â 10 20 cm
, a hole mobility of 8.5 cm 2 /Vs was measured at room temperature and was found to be limited by ionized impurity limited scattering. The use of Nb substitutional impurity for p-type doping demonstrated here for MoS 2 could be extended to other dichalcogenides and could therefore have wider applications. Furthermore, the simple deposition scheme used here could be employed to directly pattern areas with p-type MoS 2 , thus providing flexibility for device design. This first demonstration of substitutional p-type doping in large area thin film CVD-grown MoS 2 is expected to enable several high-performance electrical and opto-electronic devices.
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